Here we analyse the spatiotemporal dynamics of the actin cytoskeleton, FIP3-endosome fusion and ESCRT-III localization during cytokinesis to show that the ICB narrows by a FIP3-endosome-mediated secondary ingression, whereas the ESCRT-III complex is needed only for the last scission step of cytokinesis. We characterize the role of FIP3 endosomes during cytokinesis to demonstrate that FIP3 endosomes deliver SCAMP2/3 and p50RhoGAP to the ICB during late telophase, proteins required for the formation of the secondary ingression. We also show that the FIP3-endosome-induced secondary ingression is required for the recruitment of the ESCRT-III complex to the abscission site. Finally, we characterize a FIP3-endosome-dependent regulation of the ICB cortical actin network through the delivery of p50RhoGAP. These results provide a framework for the coordinated efforts of actin, FIP3 endosomes and the ESCRTs to regulate cytokinesis and abscission.
delivered to the ICB before FIP3-endosome accumulation (Fig. 1a) . Subsequently, during late telophase, FIP3 endosomes occupy the ICB, whereas RAB8 endosomes are no longer present within the ICB (Fig. 1b) . Interestingly, RAB8 and FIP3 co-localize on a small population of endosomes outside the ICB (Fig. 1b) . This demonstrates that during cytokinesis RAB8 and FIP3 mark different endocytic populations within the ICB (Fig. 1a,b) .
Various ESCRT complex components have been documented to accumulate at the midbody, culminating in CHMP4B (ESCRT-III) recruitment during late telophase 3, 4, 8, 10 . To establish the timing of FIP3-endosome and ESCRT transport to the ICB, we co-imaged FIP3 and ESCRT complex components CEP55, TSG101 and CHMP4B during cytokinesis. As previously reported 3, 8, 13 , CEP55 and TSG101 arrive at the midbody during early telophase, with FIP3 endosomes still residing outside the ICB (Fig. 1c-f ). In contrast, CHMP4B arrives at the midbody during late telophase ( Fig. 1g-h ), demonstrating that ESCRT-III and FIP3 endosomes are both recruited to the ICB during the final stages of cytokinesis, before the formation of the secondary ingression.
CHMP4B is recruited to the abscission site after formation of the secondary ingression
Previously it was suggested that FIP3 endosomes mediate the generation of the secondary ingression within the ICB before abscission 2, 12 . Interestingly, two recent studies proposed that ESCRT-III oligomers also play a role in the formation of the secondary ingression 3, 4 . To further define the involvement of FIP3 endosomes and ESCRT-III during abscission, we used time-lapse microscopy to image the formation of the secondary ingression in HeLa cells co-expressing FIP3-GFP and mCherry-CHMP4B. We observed that the secondary ingression is able to form without CHMP4B moving to the site of ICB narrowing (Figs 2a-e and 3a,b). Furthermore, FIP3-GFP fluorescence disappears during the formation of the secondary ingression (42 cells imaged; Fig. 2b,g ). The disappearance of FIP3-GFP might be caused by the fusion of FIP3-GFP endosomes, or due to endosomes exiting the ICB. To investigate this, we imaged FIP3 endosomes during mid-telophase (Supplementary Movie S1) or late telophase (Supplementary Movie S2). Consistent with previous reports 12, 14 , during mid-telophase FIP3 endosomes are actively delivered to and from the ICB. In contrast, during late telophase, FIP3 endosomes are largely stationary and remain within the ICB. Together with previous reports 2 , this suggests that FIP3 endosomes fuse with the ICB plasma membrane during the formation of the secondary ingression.
This demonstrates that the formation of the secondary ingression is not dependent on CHMP4B and probably is mediated by another mechanism, possibly fusion of FIP3 endosomes. After secondary ingression, CHMP4B can be observed accumulating at the site of ICB thinning (Fig. 2c,e) , marking the location where abscission occurs (5 cells imaged). Note, we never observed abscission without the delivery of CHMP4B to the secondary ingression site. Furthermore, we often see cases where secondary ingression was initiated, but was not followed by the recruitment of CHMP4B ( Fig. 2f-h ; >30 cells imaged). In these cases, the ICB regressed to its original width and did not undergo abscission (Fig. 2f-h ), suggesting that whereas ESCRT-III is not required for the initial formation of secondary ingression, it is required for the scission of the ICB.
The factors that initiate ESCRT-III recruitment to the abscission site remain elusive, but it was suggested that CHMP4B oligomers extend from the midbody to the abscission site 3, 4 . In 27% of cells (6 of 22 cells imaged) with CHMP4B at the abscission site, we observe possible continuous CHMP4B spirals connecting the midbody to the abscission site ( Supplementary Fig. S1G ). However, in 73% of cells (16 of 22 cells imaged), CHMP4B forms distinct puncta at the abscission site (Fig. 2c ,e and Supplementary Figure 1H) .
Microtubule depolymerization within the ICB is required for abscission 1, 3, 4, 14 , and may determine the site of the secondary ingression 2 . To confirm that depolymerization of microtubules is sufficient to cause secondary ingression, we imaged telophase cells before and after the addition of nocodazole (7.5 µg ml −1 ). Consistent with the requirement of microtubule depolymerization for the formation of secondary ingression, the addition of nocodazole induced rapid thinning of the ICB (Fig. 3d,e) .
As the secondary ingression forms before CHMP4B recruitment to the abscission site (Fig. 2) , we compared microtubule depolymerization with FIP3 and CHMP4B recruitment to the abscission site. Consistent with previous work 3, 4 , localized depolymerization of microtubules (microtubule gaps) is observed in ∼40% of dividing HeLa cells (Fig. 3f-h and Supplementary Fig. S1B ), with few of these sites containing CHMP4B ( Fig. 3h and Supplementary Fig.  S1C ). In most cells, localized microtubule gaps did not contain any detectable CHMP4B (Fig. 3f,g and Supplementary Fig. S1C ), suggesting that ESCRT-III may not be absolutely required for localized microtubule depolymerization. To investigate this possibility, we depleted CHMP4B (Supplementary Fig. S1F ) and analysed the presence of microtubule gaps within the central spindle during telophase. As reported previously 15, 16 , CHMP4B depletion increased the number of multinucleated cells (Supplementary Fig. S1D ). Interestingly, CHMP4B knockdown had no effect on the formation of microtubule gaps ( Supplementary Fig. S1E ). Taken together, these results suggest that ESCRT-III is required only for the final abscission step, and not microtubule depolymerization or secondary ingression formation.
In addition to cells with microtubule gaps, some cells exhibited depolymerization occurring at the minus ends of the microtubules (retracting microtubules) within the ICB (Fig. 3a,b and Supplementary  Fig. S1B ). In these cases, the formation of the secondary ingression always occurred behind the minus ends of the microtubules (Fig. 3a,b) . Furthermore, kymographs (Fig. 3c) show increased ICB plasma membrane dynamics behind the minus ends of the microtubules (Fig. 3c(A,B) ), whereas the plasma membrane is stable where ICB microtubules are present (Fig. 3c(C) ). Thus, microtubule clearing during abscission may result from either of two processes-localized severing 3, 4 or minus-end retraction (Fig. 3a-c) . 
SCAMP2 and SCAMP3 are required for cytokinesis
As ESCRT-III and FIP3 endosomes accumulate at the secondary ingression site 2 , it raises a possibility that FIP3 endosomes deliver proteins that mediate the recruitment of ESCRT complexes. Recent work determined that SCAMP3 interacts with TSG101 (refs 17-19) . As SCAMPs reside in endosomes 20 , they potentially could regulate ESCRT complex recruitment to the abscission site. Thus, we examined the localization of different SCAMPs and have shown that SCAMP1-3 localize to FIP3 endosomes during cytokinesis (Fig. 4a-g and Supplementary Fig. S2 ). Moreover, SCAMP1-3 localization at the ICB is blocked after FIP3 knockdown (Fig. 4h-k and Supplementary  Fig. S2 ). Knockdown of SCAMP2 or SCAMP3 caused an increase in the number of multinuclear cells, whereas SCAMP1 depletion showed little effect (Fig. 5a,b) . As SCAMP isoforms can have complementary functions [21] [22] [23] , we also evaluated combinatorial knockdowns of SCAMPs. Co-depletion of SCAMP2 and SCAMP3 resulted in an increase in division failures (Fig. 5b) , and in the time required for cells to complete cytokinesis (Fig. 5c-e) .
Originally SCAMPs were described as proteins that regulate exocytotic membrane fusion [21] [22] [23] . To determine whether SCAMP2/3 may regulate FIP3-endosomal fusion, we analysed the effect of SCAMP2/3 knockdown on wave generation of the ICB plasma membrane. It was previously shown that during late cytokinesis, the ICB plasma membrane becomes very dynamic and that generation of the short-lived (few seconds) ICB plasma membrane protrusions, or waves 24 , occurs in a FIP3-endosome-dependent manner before the formation of the secondary ingression 2 . Consistently, SCAMP2/3 knockdown resulted in a significant reduction in the number of plasma membrane waves (Fig. 5f ). Together, these results suggest that SCAMP2/3 are required for abscission, possibly by regulating FIP3-endosome fusion and/or mediating ESCRT-III assembly by recruiting TSG101 to the abscission site.
FIP3 endosomes deliver p50RhoGAP to the ICB during late telophase
Interestingly, the effect of SCAMP2/3 knockdown was not as pronounced as depletion of FIP3 (Fig. 5c,f) , indicating that FIP3 endosomes may also deliver other proteins that regulate cytokinesis. To identify these cargo proteins, we used proteomics to analyse immuno-isolated FIP3 endosomes (Supplementary Fig. S3 ; see Methods). This led to the identification of 441 proteins that are present only in immuno-isolated FIP3 endosomes (Supplementary Table S1 ). Proteins known to bind ribosomes, mitochondria and DNA/RNA were eliminated as contaminants, leaving the remaining (103) proteins as candidates ( Supplementary Fig. S3 and Table S1 ). Many of the candidate proteins have known roles in cytokinesis, but were not previously associated with FIP3 endosomes. We also identified several proteins that were reported to reside in endosomes, but were never implicated in regulating cell division. One such protein was p50RhoGAP (also known as ARHGAP1), which has been shown to reside in endosomes during interphase 25, 26 . To confirm that p50RhoGAP is present on FIP3 endosomes, we generated antip50RhoGAP antibody ( Supplementary Fig. S4A-D) and have shown that endogenous p50RhoGAP and FIP3 co-localize within the ICB during late cytokinesis (Fig. 6a-f ). FIP3 knockdown inhibited targeting of p50RhoGAP to the ICB, while having no effect on p50RhoGAP total cellular levels ( Fig. 6g-j) . Similarly, RFP-tagged p50RhoGAP co-localized with FIP3-GFP-containing organelles in live telophase cells ( Supplementary Fig. S4E-H) . Interestingly, we could also observe a small pool of p50RhoGAP that is recruited to the midbody during early telophase and does not co-localize with FIP3 endosomes (Fig. 6b,c) , suggesting that a small portion of p50RhoGAP can also be recruited to the ICB in a FIP3-endosome-independent manner.
To determine whether p50RhoGAP is required for cytokinesis, we transfected cells with three different p50RhoGAP short interfering RNAs (siRNAs) to deplete endogenous p50RhoGAP ( Supplementary  Fig. S4A ) and have shown that depletion of p50RhoGAP increased the number of multinucleate cells (Fig. 6k) . To further confirm that p50RhoGAP is required for cytokinesis, we analysed the division of p50RhoGAP-depleted cells by time-lapse microscopy. Although p50RhoGAP knockdown did not have any effect on the formation and initial ingression of the cleavage furrow, depletion of p50RhoGAP increased the time required for cells to complete cytokinesis ( Fig. 5c-e) , and also increased the number of cells that failed abscission (Fig. 5e ). FIP3 knockdown again had a much more pronounced effect on cytokinesis than p50RhoGAP knockdown (Fig. 5c-e and Supplementary Fig. S4A ), suggesting that FIP3 endosomes function by delivering multiple cytokinesis regulators, which include, but are probably not limited to, p50RhoGAP and SCAMP2/3.
p50RhoGAP-dependent depolymerization of actin within the ICB is required for abscission
Although actin cytoskeleton plays a key role in the progression of the cleavage furrow 27 and maintenance of cell shape during cytokinesis 28 , depolymerization of the ICB cortical actin during late telophase is required for successful completion of cytokinesis. This raises a possibility that FIP3 endosomes may deliver p50RhoGAP to the ICB to inactivate Rac/Rho GTPases and induce cortical actin disassembly. To investigate this, we imaged filamentous actin (F-actin) in dividing cells using a previously characterized F-actin-binding protein utrophin-GFP (ref. 29; Supplementary Fig. S5 ). In early anaphase to early telophase, F-actin is enriched at the cleavage furrow ( Supplementary Fig. S5A-C) . Similarly, GFP-tagged myosin IIA is also enriched at the furrow during its formation and initial primary ingression ( Supplementary Fig. S5D ). However, on completion of primary ingression, myosin-IIA-GFP is no longer detectable within the ICB (Supplementary Fig. S5D ). During late telophase, F-actin is also gradually removed from the ICB ( Supplementary Fig. S5A ,C) and is no longer detectable within the forming secondary ingression ( Supplementary Fig. S5B ). To determine whether FIP3 endosomes are required for the ICB actin depolymerization, we imaged F-actin within the ICB using utrophin-RFP after knockdown of either SCAMP2/3 or p50RhoGAP. Mock-transfected cells in late cytokinesis exhibit
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Division phenotype (percentage of total) n = 494 * P < 0.001 * * * * * * * * * P < 0.05 * * P < 0.005 little cortical F-actin within the ICB, as compared with the cell body ( Supplementary Fig. S6A,D) . In contrast, SCAMP2/3 or p50RhoGAP knockdown resulted in significant increases in the total cortical F-actin levels within the ICB ( Supplementary Fig. S6B-D) .
To further confirm that FIP3, SCAMP2/3 and p50RhoGAP are required for actin disassembly at the ICB, we also visualized F-actin in fixed HeLa cells with rhodamine-phalloidin. We analysed the levels of F-actin during anaphase and telophase, and consistent with the utrophin-RFP data, early telophase F-actin was enriched at the ICB (Fig. 7a-f ). In contrast, during late telophase (as determined by the presence of FIP3 endosomes within the ICB), the levels of F-actin were significantly decreased (Fig. 7g-j) . The depletion of SCAMP2/3, p50RhoGAP or FIP3 using siRNAs led to statistically significant increases in the F-actin levels at the ICB during late telophase (Fig. 7k-s) . These data imply that FIP3-endosome-dependent delivery of SCAMP2/3 and p50RhoGAP to the ICB is required for the depolymerization of the cortical F-actin network before abscission. SCAMP2/3 and p50RhoGAP are required for the recruitment of CHMP4B to the abscission site Our data demonstrate that FIP3, SCAMP2/3 and p50RhoGAP are required for actin depolymerization within the ICB, and as disassembly of the cortical acto-myosin network is probably required for the thinning of the ICB, we investigated whether SCAMP2/3 and p50RhoGAP are also required for the formation of the secondary ingression. We used bright-field time-lapse microscopy to image secondary ingressions in late telophase cells (n = 91), and over 45% had a clearly identifiable stable secondary ingression (Fig. 8a,c and Supplementary Movie S3). Depletion of p50RhoGAP or SCAMP2/3 resulted in a decrease in the frequency of the secondary ingression (Fig. 8c) . In contrast, CHMP4B knockdown had no effect on the ability of cells to form the secondary ingression (Fig. 8b,c and Supplementary Movies S4 and S5). Thus, consistent with our previous observations, p50RhoGAP and SCAMP2/3 are required for the initial formation of the secondary ingression, whereas CHMP4B is probably required only for final scission of the ICB. Although CHMP4B is recruited to the abscission site during the final stages of cytokinesis, it remains unclear whether the formation of this secondary ingression induces ESCRT-III recruitment. It has been shown that the ESCRT-III complex preferentially associates with >100 nm diameter high-curvature membranes, a diameter similar to that of the secondary ingression 30 . Furthermore, it was previously shown that the SCAMP3 associates with TSG101 (ref. 17), a protein known to recruit the ESCRT-III complex. To determine whether FIP3 endosomes are required for ESCRT-III recruitment, we analysed the localization of CHMP4B-YFP during late telophase after FIP3, SCAMP2/3 or p50RhoGAP knockdown. In most cells, CHMP4B formed a double ring flanking the midbody (Fig. 8d) , which was previously described 3, 4 . Only in ∼25% of cells, were we able to detect CHMP4B present at the secondary ingression sites, suggesting that these cells are at the final stage of abscission (Fig. 8e,f) . In FIP3-, SCAMP2/3-or p50RhoGAP-knockdown cells we could observe a significant decrease in the number of cells with CHMP4B located at the abscission site (Fig. 8f) . As a whole, the data indicate that FIP3-endosomedependent delivery of SCAMP2/3, p50RhoGAP and probably other regulatory proteins is required for the ICB actin depolymerization, the formation of the secondary ingression and the subsequent translocation of CHMP4B from the midbody to the abscission site within the ICB.
DISCUSSION
Recent studies have identified FIP3 endosomes, actin, microtubules and ESCRT complexes as regulators of the abscission. However, the exact mechanisms and linkages between these players remain elusive. Here, we show that FIP3 endosomes have an essential role in the formation of the secondary ingression, placement of the ESCRT-III machinery and regulating actin cytoskeleton disassembly within the ICB.
It has been established that depolymerization of microtubules within the ICB is a key step in allowing the final separation of daughter cells, and that the microtubule-severing enzyme spastin plays an important role in localized clearing of microtubules at the future abscission site 4, 31 . This study also identifies a previously uncharacterized alternative mechanism of microtubule depolymerization during cytokinesis by way of minus-end microtubule depolymerization, which occurs away from midbody-associated ESCRT-III. This mechanism seems to be more common in cells forming long ICBs and may explain why this mechanism was not observed in MDCK cells, where ICBs are less extended 3 . It is likely that the mechanism of microtubule clearance is cell type dependent. For example, epithelial cells may have a higher dependence on spastin-mediated severing 3 , and highly motile cells, such as fibroblasts, could rely on minus-end depolymerization. This could also explain why spastin knockdown only delays, but does not The arrows in j,n and q point to the region within the ICB that was used for quantification of the rhodamine-phalloidin fluorescence intensity. Scale bars, 5 µm block, abscission 2, 31 . Thus, the combination of several microtubule depolymerization mechanisms probably contributes to clearing the ICB of microtubules during abscission.
The sequential building of the ESCRT machinery in the midbody has been well documented 3, 8, 10 . Although the involvement of ESCRT complexes in cytokinesis is clear, how this fits with the role of FIP3 endosomes remains undetermined. Here, we compare spatiotemporal dynamics of secondary ingression formation, ESCRT recruitment and FIP3-endosome delivery. We show that FIP3 endosomes are present throughout the entire ICB, including the site of secondary ingression. Although time-lapse analysis confirmed that CHMP4B is required for ICB membrane scission, the data also show that CHMP4B is recruited to the abscission site after the formation of the secondary ingression. Furthermore, CHMP4B depletion does not have any effect on microtubule gap formation or the initiation of the secondary ingression, suggesting that the ESCRT complexes do not mediate the formation of the secondary ingression. A question arises of what regulates the movement of CHMP4B from the midbody to the site of the secondary ingression. Recent data using yeast ESCRT complexes found that ESCRT-II and CHMP6 act together to direct ESCRT-III polymerization to regions of highly curved membranes in vitro, with a preference towards >100 nm liposomes 30 . Consistent with that, ESCRT-dependent intraluminal multivesicular body generation and viral budding [32] [33] [34] [35] [36] [37] generate vesicles ranging in size from 50 to 75 nm, well below the 2 µm diameter of the ICB. On the basis of our findings, we propose that the FIP3-endosome-induced secondary ingression is required to establish a region of highly curved membrane, thus enabling the recruitment of ESCRT-III. The formation of the secondary ingression before the arrival of CHMP4B also alleviates potential size restrictions placed on the configuration of ESCRT machinery during scission.
Another barrier for ESCRT-mediated abscission is the presence of a plasma-membrane-associated cortical actin network. This cortical F-actin network serves to structurally form, maintain and hold the shape of the ICB during early telophase. Recently, the importance of the actin-myosin cortical network in stabilizing and positioning the cleavage furrow during cytokinesis has been demonstrated 38 . This actin cortical network needs to be disassembled for abscission to take place. Consistently, a recent study shows that the inhibition of ICB actin disassembly during late cytokinesis results in abscission defects 39 . Here we also observe that the formation of the secondary ingression is preceded by the depolymerization of the cortical actin within the ICB. The identification of several Rac/Rho and actin regulators within immuno-isolated FIP3 endosomes in our proteomic studies raised an interesting possibility that FIP3 endosomes may regulate the depolymerization of the cortical actin network. Consistent with that, inhibition of FIP3-endosome fusion by SCAMP2/3 knockdowns also blocked actin disassembly within the ICB and inhibited cytokinesis. In addition, knockdown of the FIP3-endosome cargo protein, p50RhoGAP, also blocks actin disassembly within the ICB, inhibits CHMP4B recruitment to the secondary ingression sites and leads to late cytokinesis defects. Similarly, recent work 39 demonstrated that Rab35 endosomes also regulate actin disassembly within the ICB by regulating levels of phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ). As Rab35 seems to mark endosomes that are distinct from FIP3 endosomes, there may be at least two independent endocytic pathways of actin regulation, Rab11 or Rab35 dependent 40 . Here we show that SCAMP2/3 may be functioning to regulate FIP3-endosome fusion, as signified by the inhibitory effects of knockdown on membrane dynamics. However, it seems that the SCAMP roles also manifest post-fusion, assisting in organizing CHMP4B to the abscission site. Although the exact mechanisms of SCAMP2/3 recruitment of CHMP4B are unclear, SCAMP3 might help organize ESCRT assembly at the abscission site by way of binding to TSG101 through its PSAP motif 17 . The interaction of SCAMPs with phosphoinositides 41 may control PtdIns(4, 5)P 2 distribution in a manner that promotes the ESCRT-III recruitment and actin depolymerization. Indeed, SCAMP2/3 knockdown inhibits the recruitment of CHMP4B to the microtubule gaps, the putative future abscission sites.
In summary we propose that FIP3 endosomes regulate abscission by delivering actin-regulating and ESCRT-III recruitment proteins to the ICB. The fusion of these endosomes with the plasma membrane results in localized depolymerization of the cortical actin cytoskeleton, leading to the formation of the secondary ingression (Fig. 8c) . The thinning of the ICB to less than 100 nm, as well as delivery of the TSG101-binding protein SCAMP3, then allows for the recruitment of the ESCRT machinery, and abscission of daughter cells (Fig. 8c) . Proteomic identification of other putative FIP3-endosome proteins can now serve as a starting point to unravel FIP3-endosome control of the complex ICB remodelling events that must occur to allow for abscission.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper
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M E T H O D S METHODS
Materials, antibodies and expression constructs. Reagents were obtained from
Invitrogen, Sigma-Aldrich, Clontech or Fisher, unless otherwise specified. Mouse monoclonal anti-HA (catalogue number sc-7392) antibody, used as per the manufacture's recommendation, was purchased from Santa Cruz Biotechnology and rabbit anti-CHMP4B antibody (catalogue number ab105767), used as per the manufacture's recommendation, was obtained from Abcam. Rabbit anti-GFP, SCAMP1 (western blotting: 0.1 µg ml −1 ; immunofluorescence analysis: 1 µg ml −1 ), SCAMP2 (serum used at 1:1,000 for western blotting, 1:500 for immunofluorescence analysis), SCAMP3 (western blotting: 0.1 µg ml −1 ; immunofluorescence analysis: 1 µg ml −1 ) and SCAMP4 (western blotting: 1 µg ml −1 ; immunofluorescence analysis: 5 µg ml −1 ) antibodies were previously described 1, 12, 21, 22 . Rabbit polyclonal anti-p50RhoGAP antibodies were generated using recombinant purified GST-p50RhoGAP as previously described 12 and used at 0.5 µg ml −1 . Secondary antibodies conjugated with Alexa488 or Texas red were purchased from Jackson ImmunoResearch.
The following DNA constructs were previously described: FIP3-GFP (refs 6, 7), mCherry-CEP55 (ref. 43) were obtained from the Addgene plasmid repository. RFP-RAB8 was a gift from C. Westlake. p50RhoGAP-GFP and p50RhoGAP-RFP were gifts from M. Geiszt. mCherry-CHMP4B was constructed by generating a PCR fragment of CHMP4B from CHMP4B-YFP using the forward primer 5 -AAACTCGAGTCGGTGTTCGGGAAGCTGTTC-3 and the reverse primer 5 -TTGAATTCTTACATGGATCCAGCCCAGTT-3 . The CHMP4B PCR fragment and Clontech pmCherry-C1 plasmid were digested with Xho1 and EcoRI restriction enzymes (New England Biolabs) and subsequently re-ligated.
Nocodazole drug treatment.
All live HeLa cells were staged and imaged before drug treatment. Nocodazole, (Sigma-Aldrich) at a 7.5 µg ml −1 final concentration, was added to live HeLa cells for 10 min before obtaining images.
Light microscopy. For immunofluorescence microscopy, cells were fixed with 4% paraformaldehyde, and then permeabilized in phosphate-buffered saline (PBS) containing 0.4% saponin, 0.2% BSA and 1% fetal bovine serum. Cells were stained by standard immunofluorescence procedures and imaged with an inverted Zeiss Axiovert 200M deconvolution microscope. Images were acquired and processed using Intelligent Imaging Innovations three-dimensional rendering and exploration software.
For time-lapse microscopy, cells were placed on collagen-coated 35 mm glass bottom dishes (MatTek) for 24 h. Cells were then mounted on a culture dish heater (DH-35; Warner Instruments) fitted with a TC-344B dual automatic temperature controller (Warner Instruments), and imaged at 37 • C using a ×63 oil-immersion lens.
Fluorescent intensity data were determined either by a line scan through the fluorescent region or the total fluorescence within an outlined area by using the Intelligent Imaging Innovations three-dimensional rendering and exploration software.
To determine the ratio of utrophin fluorescent intensity, a line was drawn through the entire ICB, or a 5 µm line was drawn away from the cell body/ICB border along the plasma membrane. The data were then expressed as arbitrary fluorescence units per square micrometre and the ratio between the ICB and cell body fluorescence intensity was calculated. Eight to twelve randomly chosen cells were analysed for every condition. 25) , and CHMP4B {Carlton, 2012 no. 203} (siRNA1: 5 -AUCGAUAAAGUUG-AUGAGUUATT-3 ) were previously described. siRNAs targeting p50RhoGAP (siRNA2 and siRNA3) were designed by Thermo Scientific using the human p50RhoGAP sequence (siRNA2: 5 -GGCGGAAGAUCAUUGUGUU-3 , and siRNA3: 5 -UAACCUGGCUGUUGUUUUC-3 ).
Immuno-isolation of FIP3-GFP endosomes from telophase cells. Magnetic
Dyna-beads (Invitrogen) conjugated to protein A were crosslinked to either antirabbit IgG or anti-GFP, according to the manufacturer's protocol. HeLa cells stably expressing FIP3-GFP were grown on 300 cm 2 tissue culture flasks (Light Labs) and synchronized using a thymidine/nocodazole double block, and collected by mitotic shake off after a 90 min incubation at 37 • C (Supplementary Fig. S3A) . It was previously shown that under these conditions, most of these cells are in late telophase 12 ( Supplementary Fig. S3B ). Cells were pelleted and resuspended in 10 mM HEPES at pH 7.4. After a 10 min incubation, the cells were mechanically homogenized using a glass-glass homogenizer. The resulting lysate was centrifuged at 5,000g for 5 min to remove cell debris. Salts were added to a final concentration of 150 mM NaCl and 1 mM MgCl 2 to the remaining microsomal preparation. To pre-clear the microsomal preparation, Dyna-beads conjugated to IgG were added for 1 h while rotating at room temperature. Pre-cleared microsomal preparations were split into two different groups. For the control group, Dyna-beads conjugated to rabbit IgG were added. For the sample group, Dyna-beads conjugated to rabbit polyclonal anti-GFP antibody were added and incubated for 1 h while rotating at room temperature. Beads from each group were washed five times with 5 ml of buffer (PBS with 10 mM HEPES at pH 7.4, 150 mM NaCl and 1 mM MgCl 2 ), and bound organelles were eluted by 0.2 M glycine at pH 2.5. After elution, the pH of the beads was neutralized with 1 M Tris at pH 11.
FIP3-GFP endosome proteomics. Control (IgG) and sample (FIP3-GFP)
immuno-isolates were analysed in three independent proteomic studies (details provided below). For each sample, the proteins were precipitated using methanol-chloroform 44 , solubilized using RapiGest (Waters, Corp.) and digested with trypsin (Promega).
In study 1, two aliquots of each IgG and FIP3-GFP digests were subjected to micro liquid chromatography-tandem mass spectrometry 45 . Specifically, peptides were separated with a microcapillary column (100 µm) using C18 reverse-phase resin (5 µ, 125 Å, Aqua, Phenomenex) with a 2 h gradient (5%-65%). Tandem mass spectra obtained by data-dependent acquisition using a Thermo Electron LTQ mass spectrometer were analysed using normalized Sequest 46 and an IPI human protein database (v3.45, 71983 sequences, released 10 June 2008) that had been concatenated with a randomized database. The resulting peptide identifications were assembled into a protein list using DTASelect 47 with requirements for at least two peptides per protein, peptides that were fully digested by trypsin and at least 5 amino acids long.
In study 2, three aliquots of IgG and FIP3-GFP digest were subjected to micro liquid chromatography-tandem mass spectrometry as in the first study. A newer version of Sequest (v.2.7) and separate human protein and randomized databases were used to analyse the tandem mass spectra. Triplicate (IgG or FIP3-GFP) spectral matches were evaluated using Percolator 48 . Unique peptide matches of at least 6 amino acids with false discovery rate (q) values ≤0.01 were assembled into protein lists using DTASelect with requirements for a minimum of two fully tryptic peptides.
In study 3, two immuno-isolates (IgG and FIP3-GFP telophase) were treated and digested as above. Each sample was subjected to MudPIT analysis as previously described 49 . Specifically, peptides were separated with a microcapillary column (100 µm) using C18 reverse-phase resin (5 µ, 125 Å, Aqua, Phenomenex), and strong cation exchange resin (Agilent Technologies) using eight increasing salt (ammonium acetate) pulses, each followed by a 2 h gradient (5%-65%). Tandem mass spectra obtained by data-dependent acquisition using a Thermo Electron LTQ mass spectrometer were analysed as in the second study.
Only proteins identified in the anti-GFP antibody sample, but not the IgG control, were considered for further analysis (Supplementary Table S1 ). Proteins identified in both, IgG control and FIP3-endosome samples (separated by study), are listed in Supplementary Tables S2-S4 . Multiple previously identified proteins that have been shown to associate with FIP3 endosomes and function during cytokinesis, namely centralspindlin 50 , dynein 51 , kinesin-1 (ref. 51) , and VAMP8 (ref. 52), were also identified in our studies, supporting the validity of our proteomic analysis. To establish division times in cells treated with FIP3, p50RhoGAP or SCAMP2/3 siRNAs, HeLa cells were plated on 35-mm glass-bottom dishes and 10 µm ministacks were acquired every hour for 24 h on an inverted Zeiss Axiovert 200M microscope equipped with an incubator with a heating stage environmental chamber (Pecon). The resulting images were analysed using ImageJ software (NIH) and the division time was calculated on the basis of cell morphology. At least 25 randomly chosen cells were used for analysis.
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To establish the frequency of CHMP4B-YFP localization to the abscission site during late telophase, the cells were treated with FIP3, p50RhoGAP or SCAMP2/3 siRNAs. Cells were then fixed and stained with anti-acetylated-tubulin antibodies. Cells with CHMP4B-YFP present at the abscission site outside the midbody were then counted. Only cells that were connected by an ICB and that had CHMP4B-YFP at the midbody were analysed. Finally, only cells expressing low levels of CHMP4B-YFP were used for analysis. The experiment was repeated three times and the data shown are the means and s.d.
To determine the role of CHMP4B, SCAMP2/3 or p50RhoGAP on secondary furrow ingression, FIP3-GFP-expressing HeLa cells were treated with various siRNAs and plated on collaged-coated coverslips. At 24 h later, randomly chosen cells in late telophase (as determined by the presence of FIP3-GFP within the ICB) were analysed by bright-field time-lapse microscopy. To ensure that we are not analysing short-lived plasma membrane waves (as described in ref. 24) , only cells that contained a stationary ICB thinning that was maintained during the entire time-lapse series (50 time points, total series time 5 min) were scored as cells containing the secondary ingression. The experiment was repeated three times and the data shown are the means and s.d.
To analyse p50RhoGAP or SCAMP2/3 levels within the ICB, cells were stained with anti-p50RhoGAP or anti-SCAMP antibodies. At least 20 (for each analysis) randomly picked cells in late telophase were imaged using the same exposure times (1.5 s for p50RhoGAP, 1 s for FIP3, 1.2 s for SCAMPs). The fluorescence intensity within the ICB was then analysed using Intelligent Imaging Innovations software. All data were expressed as arbitrary fluorescence units per square micrometre.
To analyse F-actin within the ICB, cells were either stained with rhodamine-phalloidin or transiently transduced with utrophin-RFP. At least ten (for each analysis) randomly picked cells in late telophase were imaged using the same exposure times. Only cells with a clearly defined ICB were used for this analysis. The fluorescence intensity within the ICB was then analysed using Intelligent Imaging Innovations software. All data were expressed as arbitrary fluorescence units per square micrometre.
Statistical analysis was performed using GraphPad Prism using Student's t -test with a two-tailed, 95% confidence interval to generate P values. Figure S3 Immunoisolation and proteomic analysis of FIP3-GFP endosomes. (A) HeLa FIP3-GFP cells were synchronized using thymidine/ nocodazole block. Cells were isolated by mitotic shake off, washed and incubated for 90 minutes. Cells were then lysed using glass-glass homogenizer and microsomes isolated. FIP3-endosomes were then immunoisolated using rabbit polyclonal anti-GFP antibody. Rabbit IgG was used as control. 
